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ABSTRACT

2- 8% organic carbon enrichment within the Permian Roseneath-Epsilon-Murteree
(REM) interval, deposited in a post glacial, cold climate system, goes against many well
established paradigms for viable source rock deposition. Understanding the source of
organic matter and the timing of diagenesis within this system may shed light onto the
viability of this and other cold climate depositional systems as hydrocarbon source rock
domains. The dominant lithology of the REM, based on core observations,
backscattered electron microscopy (BSEM) and X-ray Diffraction (XRD), indicates a
compositionally immature greywacke containing ~40% quartz, ~20% mica, and ~40%
diagenetic products (kaolinite, illite, siderite and minor chlorite). BSEM highlights 2
dominant organic matter forms: 20-50um particles with defined tabular and spherical
shapes, and intergranular pore residing organics with grain coating features. RockEval
indicates low S2 values varying between 0.1 and 3.0mgHC/gTOC indicative of low
generative potential. Diagenetic kaolinite, illite, chlorite and Fe rich and Mg rich phases
of siderite occlude the bulk of intergranular porosity. Variations in siderite abundance
track coarser siltstone laminations on the 1-5mm scale, occurring as bands visible at the
micron and core scale. Replacement of detrital mica and diagentic illite by siderite is
observed in BSEM, while stable phases of kaolinite are observed in both Vintage Crop
1 (minimum %R0=0.76) and Encounter 1 (minimum %R0=3.6). The dominance of
detrital plant material, the presence of pore-filling, grain coating organics, and the low
generative potential of REM organics implies a migration driven hydrocarbon system.
The key to prospectivity in the REM may therefore be linked to the timing of diagenetic
pore filling seals relative to charge migration as opposed to in situ hydrocarbon
generation.
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Figure 1: Stratigraphic column of the Warburton basin and overlying Gidgealpa Group of the Cooper Basin. The
focus of this study, the Early Permian Roseneath-Epsilon-Murteree formations, are highlighted blue, while the
Patchawarra Formation, containing major hydrocarbon sourcing coals, is highlighted pink (modified after Alexander
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Figure 2: Figure 2: (a) Location map showing the position of the Patchawarra and Nappamerri Troughs within the
southern Cooper Basin, their separation via the GMI anticlinal trend, and, inset, the position of the Cooper Basin
within Australia.(b) SE-NW cross section through the Nappamerri Trough showing depocentre geometry, as well as
the relative positions of the REM and Patchawarra formations. Note that this cross section is not representative of the

maximum depth reached within the Nappamerri TroUGh. ........ccciiiiiiiicec e 12
Figure 3: Photographs from selected sections from (a) Vintage Crop 1 (b) and Encounter 1 cores, illustrating the
planar, rhythmic laminations present within sections of the Roseneath and Murteree shales. .............cccooeveiiieiiennene. 20

Figure 4: Core photographs indicating higher energy inputs within the Roseneath and Murteree shales. (a) Lobes of
silt and fine sand are interbedded with carbonaceous fine silt laminations. Truncation and pinch outs features are
apparent, as is microfaulting within the sandy intervals. A coarse sandy lag at the top of the image is cutting into the
underlying siltstone. (b) Coarse sandy lag cutting into underlying dark siltstone. A gradation in colour from the coarse
lag into light grey and then darker laminations is apparent at a scale of 5MM. ........cccccorriiiiiieiici e 20
Figure 5: Photographs from Vintage Crop 1 indicating the nature of siderite development within the REM in core
sample. (a) The Rosenaeth Shale (depth=1848.2m) showing siderite developing as packages of cyclic bands ~5mm
thick, that appear to grade upward. (b) The Roseneath Shale (depth=1853.8m) showing 0.5-1 cm sideritic nodules
present within a carbonaceous fine silt matrix. Within this zone, fluid escape structures are a prevalent feature. ....... 21
Figure 6: Photomicrographs from the REM indicating the compositionally immature nature of the detrital mineral
component. (a) Sub angular to sub rounded quartz (Qtz) grains and detrital mica within a clay matrix dominated
largely by illite and broken phyllosilicates. Precipitation of siderite (sid) is also apparent, occurring within the spaces
between quartz grains. (b) >50 micron long muscovite grain. EDAX indicates the presence of Fe, Mg, K, Al, Si and
O. Darker bands (indicating a lower density) within the mica relate to higher magnesium peaks, while the lighter
zones correlate with higher iron peaks. Siderite precipitation within the intergranular pore space is apparent, as well
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Figure 7: Photomicrographs showing kaolinite cement precipitation (a) Kaolinite cement filling the cleat space within
the Encounter 1 Epsilon coal (depth= 3393.5, %Ro= 3.83), indicating a post-coalification diagenetic event. (b)
Fossilised algal cell filled with kaolinite cement (based on EDAX peaks for Al, Si and O) from the Murteree Shale,
Vintage Crop 1 (depth=1958.9m, Y0R0= 0.85). .......cerirriiriiiirieiiricieiriee st 25
Figure 8: Core photographs and SEM micrographs showing the nature of siderite development within the Roseneath
and Murteree Shales. . (a) SEM image of the boundary between a zone dominated by organic matter and one with a
much higher siderite abundance (depth= 1958.9m, %R0=0.85) (b) Petrographic thin section photograph showing
siderite (Sid) penetrating into a clay matrix (depth=3554.3). The siderite follows an apparent permeability pathway.
Later stage pyrite (Py) precipitation is evident, although pyrite precipitation is uncommon within REM sediments (c)
SEM micrograph from the Murteree Shale, Vintage Crop 1 (depth= 1958.9m, %R0=0.85) indicating microcrystalline
siderite precipitation within the intergranular pore space. Phyllosillicate clays are also present within the intergranular
pore space. A 30 micron zone of pervasive kaolinite (kIn) precipitation is also apparent, which may be representing
the replacement of an earlier mineral phase (d) SEM micrograph of sparry siderite, showing complex intergrowth of
Fe and Mg dominated phases (depth= 1945.0m, %R0=0.76). 20 micron pockets of aluminosilicate (AlSi) material, as
confirmed by EDAX, within the sparry siderite crystal may be remnants of an ealier mineral phase that is being
replaced (e) SEM micrograph of sparry siderite surrounded by a detrital quartz and mica matrix (depth= 1945.0m,
%R0=0.76). Within the centre of the sparry siderite crystal, open space is being filled by inwardly growing, bladed
siderite crystals. The presence of this available space indicates either a time lapse between dissolution of an earlier
mineral phase and the precipitation of siderite, or that the siderite itself was dissolved and then reprecipitated (f) SEM
micrograph showing the breakdown of detrital mica, as well as the precipitation of Mg and Fe siderite (sid) and illite
(111) cement ((depth= 1945.4m, %R0=0.78). Siderite appears to be growing between a fabric within the mica grain,
forcing it to be split open. Further siderite grains are observed precipitating surrounded by illlite, which is being
displaced by the siderite growth. The spatial associations suggests siderite is forming from the breakdown of the mica
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Figure 9: Cross plot showing the R*= 0.95 covariance of carbon 13(513C) and oxygen 18(5180). Variations in
carbon and oxygen isotope values are likely the result of mixing between two end member phases. Based on BSEM
observations that Fe and Mg phases are present, it is likely these represent the two end member phases .................. 29
Figure 10: SEM and microprobe photomicrographs of a sparry siderite crystal from the Murteree Shale of Vintage
Crop 1 (depth=1945.4m, %R0=0.78). (a) SEM image showing a the breakdown of a detrital mica grain, the
development of illite cements and the precipitation of Mg and Fe siderite from the breakdown of mica and illite. Note
that Mg siderite appears most prevalent at the edges of the sparry siderite (b) Electron microprobe image showing the
distribution of iron (Fe) within a single siderite grain. Iron appears to be the dominant phase present, as indicated by
the spatial distribution. (c) Electron microprobe image showing the distribution of Magnesium (Mg) within the same
siderite grain. Magnesium appears to be a less dominant phase than iron, however isolated regions of high peak
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intensity are present (d) Electron microprobe image showing the distribution of Calcium (Ca). A spatial relationship
exists between high peak intensities for Mg and Ca (e) Electron microprobe image showing the distribution of
Manganese (Mn). A spatial relationship exists between high peak intensities for Mnand Fe ..........ccoccoevviiviiiiennenn, 30
Figure 11: SEM and microprobe photomicrographs for a boundary between a sideritic and carbonaceous band from
the Murteree Shale, Vintage Crop 1 (depth= 1958.9m, %R0=0.85). (a) SEM image of the boundary between a zone
dominated by organic matter and one with a much higher siderite abundance (b) Zoomed in image for figure a, in the
proximity of the zone that was selected for microprobe analysis (c) Electron microprobe image of iron (Fe) content,
showing a sharp boundary between where siderite can and cannot develop (d) Electron microprobe image of carbon
(C) content, showing the distribution of organic carbon is limited to the upper layer (e) Electron microprobe image of
silicon (Si) content. Note the discrepancy in grain size between those of the lower, more siderite dominated band and
the upper carbonaceous band. (f) Electron microprobe image of aluminium (Al) content, showing that aluminium
occurs pervasively across both bands. It is likely that these high aluminium values are derived from the presence of
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Figure 12: Iron map indicating the presence of 0.5-5mm rhythmic laminations of siderite within the Roseneath Shale
of Encounter 1 (depth= 3270m). Colour intensity represents the weight percentage of iron present. Sideritic
laminations occur approximately every 1-1.5mm, and are particularly prevalent within a central 1.5 cm zone at the
centre of the image. Each siderite lamination has a pervasive base and grades upwards. The white arrow at the top left
of the image indicates direCtion Of Grading. .........ccoiviiiiiiicc e e 33
Figure 13: SEM micrographs showing common organic matter types present within the REM. (a) Photomicrograph
from the Murteree Shale, Vintage Crop 1(depth=1958.9m, %R0=.85, TOC=2.0) indicating the interlaminated nature
of organic carbon and siderite development. Note in particular that organic carbon and siderite do not coexist (b)
Photomicrograph from the Epsilon Formation of Encounter 1 (depth=3395.8m, %R0=3.83, TOC=4.5). Note the
presence of tabular, 20 micron sized plant detritus (x), pore residing organic matter (y), and aggregated organic
matter (z) forms within a single image (c) Photomicrograph from the Epsilon Formation of Encounter 1
(depth=3395.8m, %R0=3.83, TOC=4.5) showing the well-defined OM shapes that have been described as detrital
plant matter (d) Zoomed in image of figure c, with the well defined OM shapes are circled in white ()
Photomicrograph from the Murteree Formation, Vintage Crop 1 (depth=1945.4, %R0=0.78, TOC=3.3) of an
elongate, deformed organic matter particle with a cement centre, interpreted to be a plant spore that has been
compressed by surrounding minerals during compaction. (f) Photomicrograph of a >200 micron sized fragment of
organic matter from the Murteree Shale, Vintage Crop 1 (depth=1945.0, %R0=0.76, TOC=3.8). Note the well-
defined shaped and the significantly greater size than the surrounding material.............ccccooviiiiiiiiiieneiccen e 36
Figure 14: SEM micrographs showing other organic matter types present within the REM............ccooconiiniininnnn 38
Figure 15: Phase relationships between organic matter, illite clays and siderite. (a) Zoomed in photomicrograph from
the Murteree Shale, Vintage Crop 1 (depth=1945.0m, %R0=0.76, TOC=3.8) of a illite filled chambered zone within a
faecal pellet. Siderite is forming from replacement of illite, inferred from the presence of illite inclusions within the
siderite crystal. The siderite growth is also displacing small zones of the organic matter. (b) Photomicrograph from
the Roseneath Shale, Vintage Crop 1 (depth=1842.1m, %Ro= 0.83, TOC=1.0) showing the effect fabric displacive
growth of siderite on organic matter particles. The OM particle is become disaggregated and deformed as a result of
siderite growth. (c) Photomicrograph from the Murteree Shale, Vintage Crop 1 (depth=1945.0m, %R0=0.76,
TOC=3.8) showing replacement of organics and illite by sparry siderite. Sparry siderite comprises several smaller
crystals surrounded by organics and illite. The progressive growth of these siderite crystals has resulted in
deformation of the organic matter and illite. Organic matter is also present in the intergranular pore space between
quartz grains not associated with the growing sparry siderite, which could represent a migrated hydrocarbon phase.
(d) Zoomed in photomicrograph from figure c, highlighting the deformation of organic matter and illite by siderite
growth. Note the presence of both bladed and curved crystal boundaries for siderite, as well as the increased
proportion of Mg rich siderite in close proximity to the illite and 0rganics. ........c.ccceoveiniineiic e 41
Figure 16: High resolution total organic carbon (TOC) sampling for a 15¢cm interval of the Roseneath Shale in
Vintage Crop 1, showing the geochemical variations present at the minute scale. 2 different cycles of organic matter
variation are apparent: one at the sub centimetre scale, associated with minor perturbations and a larger 15cm scale
variation in organic carbon which is associated with more pronounced fluxes in organic carbon content. No sample
within this high resolution interval fell below what might be considered a potential source rock (2% TOC). ........... 43
Figure 17: Van Krevelen Diagrams for Vintage Crop 1 (blue) and Encounter 1 (red) samples. (a) Plot of Tmax
against hydrogen index, showing that while Vintage Crop 1 is within the oil window, its hydrocarbon generating
potential is minimal. (b) Plot of Oxygen Index against hydrogen Index, again highlighting the low hydrocarbon
generating potential of Encounter 1 and Vintage Crop 1 organic matter. The majority of data points plot as gas prone
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Figure 18: Depth vs mineral surface area (MSA) and TOC cross plots for selected samples within the Roseneath,
Epsilon and Murteree formations within Encounter 1. (a) MSA and TOC variations within the Roseneath Shale. No
coupling between MSA and TOC is apparent. (b) MSA and TOC variations appear strongly coupled within the
Epsilon Formation. The highest recorded surface area is recorded within this formation (428.48m?/g), associated with
an 88% TOC coal. (c) MSA and TOC variations within the Murteree Shale. Much like for the Roseneath Shale, no
coupling between MSA and TOC is apparent. For TOC-MSA depth profiles for Vintage Crop 1, see Appendix C.....1
Figure 19: TOC-MSA cross plots for Encounter 1 and Vintage Crop 1 cores. (a) The TOC-MSA cross plot indicates
little to know correlation between organic carbon content and mineral surface area within the Roseneath and
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Murteree Shales, while a strong R?= 0.91 correlation exists within the Epsilon Formation. Note that for the purposes
of this cross plot, to Epsilon coal sample with anomalously high MSA was omitted, to prevent skewing of the data
set. (b)The TOC-MSA cross plot for Vintage Crop 1 again indicates little to no correlation between organic carbon
content and the mineral surface area for the Roseneath and Murteree Shales. As the Epsilon Formation was not cored
for Vintage Crop 1, it is unclear of how TOC-MSA would correlate in a less mature sample...........ccccoceeeiereiirnennnne 47
Figure 20: Histograms showing the difference in total organic carbon and MSA before and after treatment with
sodium hypochlorite to remove organic matter. (a) TOC comparison between samples treated with sodium
hypochlorite to remove organic matter (Na hypochlorite treated) and samples that were untreated. TOC was reduced
between 56 and 81%. (b) MSA comparison between organic matter removed samples (Na hypochlorite treated) and
samples that were untreated. MSA was found to be consistently reduced in organic matter removed samples,
suggesting a role for organic matter in EGME sorption. The difference in MSA between Na hypochlorite treated and
untreated samples varied between a +1% increase in MSA to a 49% reduction, with an average of 20% reduction... 48
Figure 21: Cross plot of difference in TOC against the difference in MSA, which shows that a correlation exists
between the amount of organic matter that has been removed from coaly shales and the reduction in MSA that is
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